The presence or absence of cellulose-binding proteins (CBPs) in the cell lysate of 31 strains representing 17 species of rumen bacteria was examined. Both carboxymethylcellulose (CMC) and sodium dodecyl sulfate (SDS) were used to elute CBPs of these bacteria from cellulose. For 16 strains classified into 4 species of Fibrobacter succinogenes, Fibrobacter intestinalis, Ruminococcus flavefaciens and Eubacterium cellulosolvens, the SDS-polyacrylamide gel electrophoresis (SDS-PAGE) patterns of the CMC-eluted CBPs were identical with those of the SDS-eluted CBPs. For 4 strains representing 4 species of Veillonella parvula, Megasphaera elsdenii, Prevotella ruminicola subsp. ruminicola and Eubacterium ruminantium, the SDS-PAGE patterns of both the CMC-eluted CBPs and the SDS-eluted CBPs were different. In the case of 3 strains representing Ruminococcus bromii, Butyrivibrio fibrisolvens and Ruminobacter amylophilus, CBPs were eluted only with SDS from cellulose, but not with CMC. On the other hand, none of the other strains tested contained a detectable amount of CBPs. Western immunoblot analysis indicated that CBP (120 kDa) of both the 10 strains of F. succinogenes and 1 strain of F intestinalis was antigenically identical with CBP 1 of F succinogenes S85, and CBPs of other bacteria did not cross-react with rabbit antiserum to CBP 1.
Many morphological types of microorganisms are associated with plant materials in the rumen microbial ecosystem (1, 3, 6) . Under ordinary feeding conditions, microbial populations associated with feed particles are numerically predominant and account for 50--75% of the total microbial population in the rumen (3, 13) . In addition, the microbial populations are responsible for the major part of endoglucanase activity, amylase activity and protease activity in the rumen, as compared with the free-living microbial populations (2, 11) . These facts suggest that microbial populations on feed particles are important for feed digestion in the rumen.
The wash-out rate of the microorganisms adhering to plant materials is generally slower than that of the microorganisms living freely in the liquid digesta in the rumen (7) . In addition, it has been demonstrated by in vivo and in vitro studies of rumen microorganisms that microbial adhesion is a prerequisite for the digestion of plant materials (4, 9, 19) . Therefore, to improve the efficiency of digestion by ruminants of low quality forages in particular, studies on the adhesion of microorganisms to plant materials as well as studies on the hydrolytic enzymes involved in the digestion should be promoted. We have previously described the presence of cellulose-binding proteins (CBPs) in the cells of Fibrobacter succinogenes S85 and the characteristics of CBPs purified from the cells of this bacterium (15, 16) . In this study, the distribution of CBPs among the representative strains of rumen bacteria was examined.
MATERIALS AND METHODS
Organism and growth condition. The bacterial strains used in this study and their sources are listed in Table 1 . Detection of CBPs in the cells of each bacterium was carried out according to the method described below. Bacteria were grown in lOml of RGCMS medium, RL medium, or RM medium at 37°C for 24-48 h, as described in the previous report (12) .
Detection of cellulose-binding proteins (CBPs). Carboxymethylcellulose (CMC) was used to elute CBPs of Fibrobacter succinogenes S85 from cellulose (15, 16) , while sodium dodecyl sulfate (SDS) was used to elute CBPs of Pseudomonas fluorescens subsp. cellulosa (8) . Thus, both CMC and SDS were used to elute CBPs from cellulose in this study.
Five milliliters of each culture were anaerobically transferred to another tube containing 0.05 ml of a lysozyme aqueous solution (100 mg/ml; Sigma, St. Louis, MO, U.S.A.). The tubes were incubated at 37°C for 1 h and allowed to stand at 4°C overnight. Then, a mixture of Tween 20 (0.05 ml) and Softes 12 (Wako Pure Chemical Industries, Ltd., Osaka, Japan; 0.05 ml) was added to the tubes to lyse the cells. After the tubes were allowed to stand on ice for 1 h and incubated at 37°C for 10 min in a water bath, 0.2 ml of Avicel microcrystalline cellulose (PH 101; Asahi Chemical Industry, Ltd., Tokyo, Japan; 1 %, w/v) suspended in distilled water was added to each tube which was incubated at 37°C for 1 h with gentle agitation. To settle cellulose, each tube was allowed to stand at room temperature for 30 min. After the supernatant was removed from the tubes, the cellulose was transferred to 1.5-m1 micro-tubes. The cellulose in each tube was washed 3 times with 0.4 ml of Buffer A (0.05 M sodium phosphate-0.85% (w/v) NaCI-1 mM CaC12 1 mM MgCl2-0.1 % (v/v) Softes 12). After the final wash, the cellulose suspended in Buffer A was divided equally into 2 tubes. CBPs bound to the cellulose Table  1 . Bacterial strains used in this study.
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were eluted either in 0.03 ml of 1 % (w/v) CMC in Buffer A or in 0.03 ml of 5% (w/v) SDS in Buffer A with incubation at 37°C for 20 min. Thereafter, the supernatants as eluents were collected by centrifugation at 2,000>< g for 3 min. Proteins eluted from the cellulose were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% (w/v) acrylamide gels according to the method of Laemmli (10) and stained with a silver stain Kit (Wako), as described in our previous report (15) . Western immunoblot analysis. To determine the presence or absence of proteins with antigenicity identical with that of CBP 1 of F. succinogenes S85 among the cells of the representative strains of rumen bacteria, Western immunoblot analysis was performed according to the method of Towbin et al. (22) . Proteins in the samples were separated on gels by SDS-PAGE, transferred electrophoretically onto nitrocellulose membranes (NitroPlus, Micron Separations Inc., MA, U.S.A.) at 0.8 mA/cm2 for 90 min. The membranes were treated with 1 % bovine serum albumin (BSA) in Tris-buffered saline (0.9% NaCI/IOmM Tris-HCI, pH 7.5), to block nonspecific protein binding sites, and then immunoblotted with a rabbit anti-CBP 1 antiserum as the primary antibody. In the immunoblot, alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G antibody (Sigma) was used as the secondary antibody. Alkaline phosphatase activity was visualized by incubating the membranes in a solution of nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate (BCIP). The antiserum against CBP1 was raised in a male Japanese white rabbit (3.4 kg). The CBP 1 preparation used for immunization was prepared from the cell lysate of F. succinogenes S85 as described previously (16) . A preparation of 20,ig of 120kDa CBP1 was emulsified with an equal volume of Freund's complete adjuvant and injected subcutaneously into the rabbit. The second injection was performed with Freund's complete adjuvant at an interval of 3 weeks using the same quantity of protein. A booster of 40 ,a g CBP 1 was injected subcutaneously without Freund's complete adjuvant 7 weeks after the second injection and the serum was collected 1 week after the final injection.
RESULTS

AND DISCUSSION
Presence or absence of CBPs among the representative strains of rumen bacteria The SDS-PAGE patterns of CBPs obtained from the representative strains of rumen bacteria are shown in Figs. 1, 2 and 3 . Elution of CBPs from cellulose with SDS was more effective than with CMC, because SDS was superior to CMC in terms of quantity and kind of eluted CBPs. Although most proteins eluted with CMC were also eluted with SDS, some proteins (240 kDa, Prevotella ruminicola subsp. ruminicola ATCC 19189; 135 kDa, Veillonella parvula ATCC 17745) were eluted only with CMC ( Fig. 2A, lanes 1 and 3) . CBPs in the uninoculated liquid broth were not detected ( Fig. 2A and 2B , lane 5). For 16 strains classified into 4 species of FF succinogenes, F intestinalis, Ruminococcus flavefaciens and Eubacterium cellulosolvens, the SDS-PAGE patterns of the CMC-eluted CBPs were identical with those of the SDS-eluted CBPs ( Table 2 ). The SDS-PAGE patterns of the CMC-eluted CBPs of the selected strains among these 16 strains tested are shown in Fig. 1 . For 4 strains representing 4 species of V. parvula, Megasphaera elsdenii, P. ruminicola subsp. ruminicola and Eubacterium ruminantium, the SDS-PAGE patterns of both the CMC-eluted CBPs and the SDS-eluted CBPs were different (Fig. 2) . In the case of 3 strains representing Ruminococcus bromii, Butyrivibrio fibrisolvens and Ruminobacter amylophilus, CBPs were eluted only with SDS from cellulose, but not with CMC (Fig. 3) . On the other hand, none of the other strains tested contained a detectable amount of CBPs.
Molecular weight of CBPs obtained from rumen bacteria
The approximate molecular weights of the major proteins determined SDS-PAGE analysis of CBPs obtained from the representative strains of rumen bacteria are listed in Table 2 . The molecular weight of the major cellulose-binding proteins varied with the species of rumen bacteria. As an exception, CBPs obtained from 10 strains of F succinogenes and one strain of F intestinalis contained the same major protein with a molecular weight of about 120 kDa. The cellulosebinding protein with an approximate molecular weight of 120 kDa was already purified from cell lysate of F. succinogenes S85 (16) . It has been reported that some strains of F succinogenes, F intestinalis, R. flavefaciens, Ruminococcus albus, E. cellulosolvens, M. elsdenii and V. parvula are able to attach to cellulose in vitro (14, I8) . Interestingly, the results obtained in this study showed that all of these bacteria except for R. albus contained CBPs. These findings strongly indicate the possibility that some of the CBPs detected in the current study are directly involved in the adhesion of the bacteria to cellulosic substances. On the other hand, non-cellulolytic bacteria such as R. bromii ATCC 27255 and P. ruminicola subsp. ruminicola ATCC 19189, which were not able to attach to cellulose, contained CBPs. It is assumed that the CBPs of these bacteria are located inside the cell and are inaccessible to cellulose.
Additionally, it has been demonstrated that a cellulase enzyme complex from both Clostridium thermocellum and Clostridium cellulovorans consists of multi- cellulase and the subunit that is able to adhere to cellulose without apparent enzyme activity (20,21). The cellulase enzyme complex termed "cellulosome" is responsible for both efficient cel.lulolysis and the adhesion of the bacteria to cellulosic substrates. These facts suggest that CBPs of cellulolytic ruminal bacteria play an important role in .the effective action of their cellulases on native cellulose.
According to the results obtained by electron microscopic observation, the cells of F. succinogenes and of R, flavefaciens closely adhered to plant cell walls, unlike the cells of R. albus which loosely adhered at a considerable distance from the plant cell walls (5). These observations suggest that each of the cellulolytic bacteria displays a different mode of attachment to plant cell walls. This assump- Table  2 .
Molecular weights of major proteins eluted with CMC or SDS from crystalline cellulose (Avicel), after incubation with cell lysate of bacteria.
tion was supported partly by the fact that all the strains of F succinogenes and R.
flavefaciens contained CBPs, unlike two strains of R. albus.
Western immunoblot analysis using antiserum to CBP1 of F. succinogenes S85 Western immunoblotting analyses indicated that CBPs obtained by the treatment with SDS from 10 strains of F succinogenes and one strain of F intestinalis always contained the protein recognized by a specific anti-CBP 1 antibody, as shown in Fig. 4 . Western immunoblotting analyses of CBPs obtained by the treatment with CMC from these 11 strains gave the same result (data not shown). In contrast, other rumen bacteria tested, except for F succinogenes and F intestinalis, did not contain the cellulose-binding protein which cross-reacted with the anti-CBP 1 antibody (data not shown). These results indicate that the major cellulosebinding protein detected by the Western immunoblot is identical with CBP 1 of F succinogenes S85 on the basis of its molecular weight and antigenic characteristics, and also genus specificity. It is presently assumed that the genus Fibrobacter consists of two species, F succinogenes and F intestinalis, which are phylogenetically distinct despite phenotypic similarities (17) . It is thus suggested that the examination for the presence of CBP 1 in the cells of isolates from microbial ecosystems may facilitate genus identification. CBPs were eluted with SDS from cellulose, which was incubated with the cell lysate of each strain. Lane 1 contains proteins obtained from Fibrobacter intestinalis, and lanes 2 to 11 contain proteins obtained from Fibrobacter succinogenes. Lanes: 1, strain ATCC 43855; 2, strain ATCC 19169; 3, strain 035; 4, strain 038; 5, strain 128; 6, strain 129; 7, strain 130; 8, strain 135; 9, strain B2; 10, strain B6; 11, strain II-3-7. Prestained molecular size markers (Bio-Rad) are shown on the right (kDa).
